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3,493,415 
METHOD OFMAKINGA BONDED 
for an apparatus to form an instantaneous diffusion 
REFRACTORY COATING bonded plasma spray coating. 
Salvatore GrisaRe, North olmSled, obio, and Wiliianl Another object of the invention is to  provide for a 
A. Spitzig, Monroeville, pa., assignors to the United method for forming an instantaneous diffusion bonded 
Slates of America as by the Adn~inistrator plasma spray coating on various polished substrates. with 
of the National Aeronautics and Space Administration this method, some of the coating material diffuses into 
continuation-impart of application Ser. NO. 336,326, the substrate and there is no reliance on mechanical 
Jan. 7, 1964. This application Nov. 16, 1967, Ser. bonding. Further, there is no undesirable melting of the 
No. 683,613 10 coating and substrate to form an intermediate layer of 
Int. CI. C23c 13/00 
Claims substantial thickness as occurs when objects are welded U.S. C1.117-50 together. Such an intemediate layer may have undesirable 
characteristics not found in the coating or the substrate. 
ABSTRACT O F  THE DISCLOSURE A further object of the invention is the production of 
15 articles with surfaces of a diffusion bonded plasma spray A method for forming a diffusion bonded coating on a coating. 
substrate. A substrate to be coated is cleaned and polished. Still, another object of the invention is to provide a 
The substrate to be coated is then heated to between ?h metallic coating capable of withstanding temperature to 
and 94 of its melt temperature by the plasma from a metal and beyond 3000" F. 
spraying gun in a chamber which has been back-filled 20 Briefly, these and other objects of the invention are 
with an inert gas. Powdered metal or ceramic is then fed attained by removing foreign materials from the surface 
to the plasma and sprayed onto the heated substrate. upon which the coating is to be applied, polishing the 
surface to improve the surface finish by removing rough- 
ness therefrom, and placing the surface in a nonoxidizing 
This application is a continuation-in-~art of copending 25 environment having contained therein a plasma spray 
application Ser. NO. 336,326 filed Jan. 7, 1964, gun. The distance between the plasma spray gun and the 
abandoned. surface to be coated can be adjusted. The surface is then 
The invention described herein was made by employees preheated by the plasma spray gases. When the measured 
of the United States Government and may be manufac- temperatme of the surface reaches an experimentally pre- 
tured and used by or for the Government for govern- 30 determined preheat temperature which is considerably 
mental purposes without the Payment of any ro~altles above those used in the prior art to prewarm surfaces to 
thereon or therefor. drive off surface moisture, the refractory coating mate- 
The invention relates generally to refractory coatings rial is fed into the plasma spray gun and a plasma spray 
and, more particularly, to a method and apparatus for is deposited on the substrate at the preheat temperature. 
forming an instantaneous diffusion bonded plasma spray 35 After the coating is deposited upon the surface, the sur- 
coating. face is allowed to cool to room temperature. 
In rocket and missile applications where high reliability The apparatus in which the aforesaid objects are at- 
is desirable, it becomes necessary for Component Parts, tained is a vacuum chamber with an inert gas supply for 
such as rocket nozzles, to have errosion barriers to insure inserting therein an inert gas. In the vacuum chamber 
long-term reliability. These errosion barriels are usually a 40 there is contained a plasma spray gun capable of being 
coating made of a ceramic or refractory material. Fur- positioned on a guide lod which in effect allows for posi- 
ther, rocket combustion chambers, because of the high tioning the gun with respect to the surface to be coated 
temperatures of combustion, need various types of coat- therein. In order to inert the chamber, the chamber is 
ings contained thereon. Additionally, such coatings are first evacuated. Subsequently, it is purged with an inert 
necessary for edge coatings for tUngSten-UranlUm fuel 45 gas such as argon or nitrogen before the substrate is 
elements for nuclear rocket engines. In nonaerospace ap- preheated. 
plication it is desilable to have refractory coatings on A mote complete appreciation of the invention and 
automobile component parts which coatings have high many of the attendant advantages thereof will be readily 
wear resistance, are capable of withstanding a high tem- apparent as the same becomes better understood by refer- 
perature during operation, and ale relatively inexpensive 50 ence to the following detailed description when considered 
to apply. in conjunction with the accompanying drawings wherein: 
Where refractory or ceramic coatings are applied to a FIG. 1 is an isometric view of some of the attendant 
surface or substrate, it is necessary to roughen the sub- features of the invention with the surface to be coated. 
strate, apply the refractory or ceramic powder thereon FIG. 2 is a fragmentary front ~ i e w  of the apparatus 
and, subsequently, perform a sintering treatment to form 53 constructed in accordance with the invention. 
a strong mechanical bond between the loughened sub- Referring now to the drawings wherein like reference 
strate and the powder. Where a coating is applied on characters designate identical or corresponding parts 
such a roughened st~rface, the physical properties of the throughout the several yicivs, and, more to 
surface such as thermal conductivity, coefficient of thel- FIG, 1 thereof wherein embodiments of the present in- 
ma1 expansion, relative melting temperature, etc., will 60 vention are shown as consisting essentially of a surface or  
vary undesirably over the coated sulfa=. Consequerrtiy, substrate 10 tvhich is to be coated with a refractory male- 
it is desiiable to eliminate these variables for good engi- rial and is r u p ~ o ~ t e d  by a stlppoiling means 12. Attached 
neering design of component parts for rocket engines. to the substrate 10 is a thermocouple I$ which is used to 
Fuither, even where the surface is roughened to estabiish measuie the ternpelature of the substrate. The thermo- 
a good base for a mechanically bonded coating, com- 65 couple 14 is connected to a potentiometer 16 which records 
pletely satisfactory refractory coatings cannot be obtained the temperature. 
with s~~bstrates of the lesser refractory materials or with Opposite and perpendicular to the substrate 1@ there 
other materials such as stainless steel. Still further, whele is positioned a conventional plasma spray gun 18. Con- 
it is necessary to have the refractory coating act as a heat nected to the plasma spray gun 18 are electrical leads 20 
barrier, large thicknesses of the coating are required which 70 and 22. The electrical leads 20 and 22 consist of tubing 24 
cannot satisfactorily be obtained with current state-of-the- surrounded by electrical insulation 26. The tubing 24 can 
art methods. be made of copper. The tubing 24 acts as an electrical con- 
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dactor carrying electiical curlent to the plasma gun 18 
which ionizes and heats the plasma gas at the gun muzzle 
28. Water which maintains constant temperature in the 
leads is passed through lead 20 to cool the gun 18 and out- 
lets through lead 22 via the tube 24. The plasma spray gas 
is obtained by mixing an inert gas from a supply 30 with 
hydrogen or  a similar gas from a supply 32 in a mixing 
manifold 34. The inert gas can be nitrogen, argon, or heli- 
um. The amount of inert gas and hydrogen flowing to the 
manifold 34 are controlled by control valve 36 and 38, re- 
spectively. The total amount of plasma gas flowing to the 
gun 18 through tube 40 is regulated by control valve 42 
integral with the mixing manifold 34. At the muzzle 28 
of the plasma spray gun 18 there is attached a tube 44, the 
other end of the tube 44 is connected to a powder genera- 
tor 46. The powder generator 46 is connected to inert 
gas supply 30 through tube 48. 
The powder generator 46 comprises an electric motor 
50 connected to a spiral shaft 52. The spiral shaft pro- 
trudes through a container 54 and a chamber 56. In the 
container 54 there resides a refractory material 58 which 
makes up the instantaneous bonded coating on the sub- 
strate 10. The tube 48 from the inert gas supply 30 is 
connected to the bottom 60 of the chamber 56. The tube 
44 is connected to the upper portion 62 of the chamber 56. 
In operation the refractory powder material 58 in the 
chamber 54 is sent to  the muzzle 28 of plasma spray 
gun 18 through tube 44 by turning the spiral shaft 52 con- 
nected to the electric motor 50 forcing the refractory 
powder material 58 in a longitudinal direction into the 
chamlber 56. Inert gas, such as nitrogen, argon, or helium, 
flowing from the inert gas supply 30 and controlled by 
control valve 64 is sent to the chamber 56 mixing with the 
refractory powder material 58 forming a powder-gas mix- 
ture which flows through tube 44 to the inlet 66 of the 
muzzle 28 of the gun 18. When the refractory powder-gas 
mixture flows into the muzzle of spray gun 18 it combines 
with the hot plasma gas, which is heated inside the gun 
by flowing through a continuous arc, forming a high 
velocity plasma spray. The plasma spray can exist from the 
plasma !spray gun a t  temperature exceeding 3000" I?. 
The temperature is controlled by regulating the current 
through the leads 20 and 22 to the plasma spray gun 18. 
Referring now to FIG. 2 whereon there is shown a 
fragmentary view of the apparatus constructed in accord- 
ance with the present invention, the plasma spray gun 18 
and the specimen 10 are contained in a chamber 68 hav- 
ing a wall 70. The chamber consists of a door 72 fastened 
to the wall 70 by hinges 74. The door 72 forms an air- 
tight seal with the wall 70 and has a viewing port 76 and 
a pair of glove ports 78 having attached thereto a pair 
of gastight heat resistant gloves 80. The chamber 68 is 
supported by supports 82 on floor 84. Attached to the 
chamber 68 through an opening 86 is a vacuum pump 88, 
additionally, the inert supply 30 is attached to the cham- 
ber 68 at opening 90. Within the chamber wall 70 there 
is contained a plurality of cooling coils 89 through which 
a cooling fluid is passed. Attached to the wall 70 of the 
chamber 68 a t  location 91 are a pair of rods o r  rails 92. 
These rails are fastened by adjusting screws (not shown 
in FIG. 2)  which hold them on the wall by exerting a 
friction force thereon. Supported by these rails are four 
pulley type ~vheels 94. The holder 12 which supports the 
substrate 1 0  is fastened to wall 7Q at Jocation 91 in the 
same manner as the rails 92. 
Referring again to FIG. I, the four pulley f y p  wheels 
94 are fastened to and free lo rotate on a pair of axles 96. 
Attached to the axles 96 and centerized-with respect to 
the wheels 94 is a plate 98. In the center of the plate 98 
there is contained a first rod 100, the rod being threaded 
at each end. Fastened to each end of the rod are a pair 
of springs 102 held in place by two pairs of fastening 
nuts 104. On the opposite ends of the springs 102 there 
is attached a second rod 106 which has each end thereof 
threaded, and upon the thieaded ends are fastened the 
springs 102, held In place by a second pair of fastening 
nuts 108. 
Iritegrally attached and perpendicular to the center 
of the second rod 106 is a guide rod 109. The guide 
5 rod 109 has on its upper end 110 a slot extending over 
a portion of the length of the rod 109 wherein the plate 98 
is inseited whereby the plasma spray gun 18 can be moved 
in a vertical direction with respect to the plate 98 and 
when not so moved, held rigidly in place by the springs 102 
and the guide rod 109. By moving the spray gun 18 in 
a vertical direction along the slot in guide rod 109, the 
substrate 10 is traversed in a vertical direction. Further, 
by rolling the wheels 94 over the rails 92, the plasma 
spray gun 18 will traverse the substrate 10 along the 
15 horizontal direction which allows for coating the surface 
area of the substlate using the plasma spray gun. 
In assembling, the rails 92 are fastened to the wall 
70. The wheels 94 with the plasma spray gun 18 attached 
thereto as aforedescribed are placed upon the rails 92. 
20 The support 12 with the substrate 10 attached thereto is 
fastened to the wall 70 of the chamber 68 thereby fixing 
the distance between the muzzle exit 112 and the sub- 
strate 10. The door 72 to the chamber 68 is then closed 
forming a gastight enclosure. 
25 The electrical supply, powder generator 46, and gas 
supplies 30 and 32 are placed outside of the chamber 68 
with the approp~iate vacuum attachments to the chamber 
(not shown) which attach to the plasma spray gun 18 
as shown in FIG. 1. 
30 The method of the present invention consists of clean- 
ing the substrate 10 upon which the refractory coating is 
to he applied. The surface is prepared by rinsing it with 
acetone or another solvent to remove grease, oil, and 
other foreign material. Subsequently, the surface is pol- 
35 ished with moist levigated alumina or other similar grind- 
ing compounds with a soft polishing cloth. Polishing 
continues until the surface is extremely clean and smooth. 
After polishing the surface to the desired smoothness, 
the surface is thoroughly rinsed with tap water followed 
40 by distilled water. The rinsing process can also be ac- 
complished with alcohol or another similar type of fluid. 
After cleaning, the substrate is then placed in the sup- 
port 12 which is positioned to the desired distance with 
respect to the muzle exit 112 in the chamber 68. The 
45 chamber 68 is then closed as heretofore described. An 
electrical potential is then placed across the electricdl 
leads 20 and 22 causing a current to flow through the 
plasma spray gun 18. The inert gas and hydrogen are 
sent to  the mixing manifold 34 wherein they are com- 
50 bined and sent through tube 40 to the plasma spray gun 
18. In the gun, the gas is heated by an electric arc to 
temperatures which are a function of the electric potential 
across the electrical leads 20 and 22. This potential can 
he adjusted by means of a variable transformer (not 
55 shown in FIG. 1 or 2). The hot gas leaves the gun 18 at 
the muzzle exit 112 impinging on the substrate 10 and 
heating the substrate to an experimentally determined pre- 
heat tempelature. The substrate temperature is measured 
by the thermocouple 14 and recorded on the potenti- 
60 ometer 16. When the substrate temperature reaches that 
temperature of the impinging gas, the electric motor 50 
is t~irned on and the inert gas from souice 30 is allowed 
lo flow throttgh the powder generator 46 caiising the 
~mwder material 58 contained therein, which is a refrac- 
tory or other type of material to be used as a coating, to 
flow through tube 44, enter the muzzle 28 ot plasma spray 
gun 18 at 66, mix with the hot plasma gas conling through 
the nozzle 28 forming the plasma spray which then exits 
7o through the muzzle exit 112 and impinges upon the pre- 
heated substrate thereby forming an instantaneous dif- 
fusion bonded plasma spray coating. 
Refractory matelials which can be tired with the 
afo~esaid method of the instant invention are tungsten, 
75 tantalum, columbium, and molybdenum. The substrat* 
, , 
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material can be any of the aforesaid niaterials or any tungsten was diffusion bonded lo a tungsten substrare at 
ceramic, cermet or high alloy of steel. muzzle to substrate distances ~anging fronl 4 to 7 inches 
The following examples, desciibed in greater detail, ale and substrate temperatures langing from 2050" F. td 
the instantaneous diffusion bonded plasma spray coatings 2650" F. Since the melting point of tungsten is 6150" F., 
and the procedure for applying them to a substrate. In all it will be seen that the temperatures employed were in the 
of the examples hereinbelow discussed a plasma spray gun range V5 to 44 of the melting temperature of the sub- 
operating in the aforesaid described chamber was utilized strate. 
under the following fixed conditiols: With regard to minimum temperature, satisfactoiy dif- 
Muzzle 28 diameter-%2 internal inch internal diametel; fusion bonding is achieved with a substrate temperature 
Current through leads 20 and 22-450 amperes; 10 as low as about 1700" F. The maximum allowable sub- strate temperature is slightly below the substrate melting 
Potential across leads 20 and 22-6 volts; temperature to prevent formation of an undesirable inter- 
Plasma gas: mediate layer more than 1 or  2 microns thick. In genera!, 
Flow of inert gas-80 cubic feet/houl; a substrate temperature of from '/j to $h of the melting 
Flow of hydrogen-10 cubic feet/hour; 15 temperature of the substrate is satisfactory to produce Flow of inert gas through powder generator 46-10 cubic a diffusion bond. 
feet/hour; 
Particle size used for the refractory powder 58 contained EXAMPLE 2 
in the powder generator 46 was from 74-30 microns; Tungsten on molybdenum substrates 
and 20 The method described in detail in Example 1 was used 
Substlate used for these was X1X0'017 to apply tungsten on a molybdenum substrate. In t'ne inch. instant example, however, the muzzle exit to substrate 
In each example hereinbelow, each specimen had 3 distance was 2 inches and the preheat temperature was 
Pt-Pt-13%-Rh the~mocouple spot welded to the back approximately 3700" F. When the molybdenum substrate 
face thereof and the temperature was monitored by a 25 reached equillibrinm of 3700" F., the tungsten powder in 
lecorder with a response of a few milliseconds. the powder generator 46 was activated as heretofore de- 
It is to be noted that although hydrogen was mixed with scribed forming a plasma spray at the gun exit. The 
the inert gas in the following examples, it is possible to plasma spray was deposited on the molybdenum at a 
omit the use of hydrogen in the present invention. How- temperature of approximately 3700" F. and instantan- 
ever, the use of hydrogen results in a more stable and 30 eously formed a metallurgical bond. The gun then was 
better controlled temperature of the plasma gas mixing moved out of position as previously described and the 
with the refracto~y powder 58 in the muzzle 28. specimen allowed to cool down. 
EXAMPLE 1 The aforedescribed procedure was followed for the tungsten-molybdenum combination at distances of 3, 4, 5, 
Tungsten coating on a tungsten substrate 35 and 7 inches, and at temperatures of approximately 2900, 
2400, 2250, and 1750" F. In all the above distance-tem- 
The d:stance between the plasma spray gun muzzle exit 
112 and the tungsten substrate 10 was adjusted to four 
(4) inches. The chamber 68 was then sealed as hereto- 
fore described. The chamber was then evacuated by 40 
vacuum pump 88 to a pressure of approximately 20 mi- 
crons of mercury. Nitrogen was allowed to pass into the 
chamber from inert gas source 30 through inlet means 
90 inerting the chamber 68. Cooling water was allowed 
to flow through the cooling coils 89 to lower the tem- 45 
perature of the chamber walls 78) during operation of 
the plasma spray gun 18. The plasma spray gun was acti- 
vated whereby hot plasma gas was exhausted from the 
gun at a temperature of approximately 2750" F. The 
temperature of the substrate 10 which was heated by the 50 
impinging plasma gas was approxinlately 2650" F. The 
temperature of the substrate reached equillibrium in ap- 
proximately two (2)  to three (3 )  seconds. When a tern- 
psrature equilibrium was reached the tungsten powder 
58 in the powder generator 46 was activated for approxi- 55 
mately one (1)  second flowing into the mllzzle 28 and 
mixing with the hot gases forming the plasma spray in 
the muzzle 28 and exhausting from the exit 112. The 
plasma spray impinges on the substrate 10 at a tempera- 
ture of 2750" F. to form an ins'antaneous diffusbn 60 
bonded coaling on the tungsten substrate. The nun 18 was 
rolled out of position along the rails 92 and was subse- 
quently shut OR. The substrate 10 was then allowed to 
cool to room temperature and the door '72 of the chamber 
58 was opened. The total time involved for substrate pre- fj5 
heating, spraying, and cooling down to 400" F. was ap- 
proximately 30 seconds. Average velocity for the plasma 
spray was between 215 to 240 feet/second. 
The procedure outlined in the aforesaid example was 
repeated for muzzle to substrate distances for 5, 6, and 70 
7 inches at temperatures of approximately 2400, 2150, 
and 2050" F., respectively. At the aforesaid temperatures 
the same diffusion bonded coating was achieved as shown 
in FIG. 3. 
From the foregoing, it will be seen that a coating of 75 
perature combinations, namely 2 to 7 inchtes and 1750" 
F. to 3700" F., an instantaneous diffusion bonded coating 
was achieved on the molybdenum substrate. As for the 
tungsten-tungsten combination a true metallurgical bond 
and complete continuity of grain structure between the 
plasma-sprayed tungsten and the hot-molybdenum sub- 
strate was achieved, indicating that the method of the 
instant invention is not only applicable to  like materials 
but also to dissimilar metal systems. 
Using the method of the instant invention described in 
detail in Example 1, and varying the torch distance up to 
7 inches and temperature between about 3700" F. and 
about 1700" F. an instantaneous diffusion bonded coating 
can be achieved with other mate~ial substrate combina- 
tions. In addition to tungsten, tantalum and molybdenum 
can be used as a reflactory coating on high alloy steels, 
ceramics, celmets and other types of refractory materials. 
Utilizing the method of the instant invention, tungsten 
has been diffusion bonded to stainless steel and both 
alumina and zilconia have been diffusion bonded to them- 
selves and each other. In applying these materials to the 
substrates made out of the aforementioned types of mate- 
rials it is f i~st  necessary to determine the melting point of 
the mate~ial, select a torch-to-substrate distance, and ple- 
heat the substrate to a temperatu~e between 'A and 94 
of ~ t s  melting tempe~atuie. The substlate may be heated 
up to sltghtly below ~ t s  melting point as an upper limlt, 
so thele is no sr~bstantial softening of the substrate, but 
piefelably not below 1700" F. as a lower limlt. As in 
Examples 1 and 2 the procedule should be car~ied out in 
an ineited atmosphele wherein the environment 1s ini- 
tially evacuated to approximately a pressure of 20 micions 
of mercury and, subsequently, an Inert gas is introduced 
which in the case of the aforedescr~bed examples was 
nitlogen but can be algon 01 helium. 
In an embodiment using the method of the present 
invention, an instantaneous bonded diffusion coating can 
be folmed on the contacting surface of rotating ma- 
chinery, rocket nozzles, and bearing and journal surfaces. 
3,493,415 
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